Abstract. Severe malaria is frequently managed without access to laboratory testing. We report on the performance of point-of-care tests used to guide the management of a cohort of 179 children with severe malaria in a resource-limited Ugandan hospital. Correlation coefficients between paired measurements for glucose (i-STAT and One Touch Ultra), lactate (i-STAT and Lactate Scout), and hemoglobin (Hb; laboratory and i-STAT) were 0.86, 0.85, and 0.73, respectively. The OneTouch Ultra glucometer readings deviated systematically from the i-STAT values by +1.7 mmol/L. Lactate Scout values were systematically higher than i-STAT by +0.86 mmol/L. Lactate measurements from either device predicted subsequent mortality. Hb estimation by the i-STAT instrument was unbiased, with upper and lower limits of agreement of −34 and +34 g/L, and it was 91% sensitive and 89% specific for the diagnosis of severe anemia (Hb 50 g/L). New commercially available bedside diagnostic tools, although imperfect, may expedite clinical decision-making in the management of critically ill children in resource-constrained settings.
Severe malaria claims an estimated 1.24 million lives annually, mostly among children in sub-Saharan Africa. 1 Patients presenting with signs of severe malaria have a mortality of approximately 20%. 2 Case management of these critically ill children requires intensive medical and nursing care, life support technologies, and laboratory support to guide clinical decision-making. However, because of resource and technological limitations in many hospitals in sub-Saharan Africa, patients are often managed with minimal laboratory guidance. Point-of-care instruments have recently become commercially available for the measurement of a number of analytes, including glucose, lactate, and hemoglobin (Hb). Markets for these products exist because of their use in the management of common diseases or other applications in industrialized countries (e.g., diabetes, exercise physiology, transport medicine, and anesthesia). The test performance characteristics in these contexts have been well-described. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Hypoglycemia and anemia are common complications of malaria that require laboratory diagnosis, because clinical assessment is an unsatisfactory substitute. Furthermore, lactate level at admission is an important prognostic indicator in severe malaria. 14 We used three commercially available instruments (OneTouch Ultra Mini glucometer, Lactate Scout, and i-STAT) in a resource-poor hospital in sub-Saharan Africa to guide case management of critically ill children with severe malaria. Here, we report on the agreement and diagnostic accuracy of these modalities and comment on their potential use in field settings.
Children ages 1-10 years presenting to the Regional Referral Hospital in Jinja, Uganda with severe malaria between July of 2011 and June of 2013 were enrolled in this study.
These patients were prospectively identified for enrollment in a randomized controlled trial of a novel adjunctive treatment of severe malaria, which has been described in detail elsewhere. 15, 16 Diagnosis of malaria was confirmed by (1) a three-band malaria rapid diagnostic test (RDT), which required positivity for two distinct parasite antigensPlasmodium lactate dehydragenase and histidine-rich protein 2 (First Response Malaria Ag. [pLDH/HRP2] Combo Rapid Diagnostic Test; Premier Medical Corporation, Nani Daman, India)-and (2) subsequent confirmation by microscopy or polymerase chain reaction (PCR) in cases where RDT was positive but microscopy was negative (10 cases). After stabilization in the emergency room, participants underwent femoral venipuncture. Venous whole blood was immediately tested using the OneTouch Ultra glucometer (LifeScan, Milpitas, CA), the Lactate Scout (EKF Diagnostics, Penarth, Cardiff, United Kingdom), and the i-STAT handheld biochemistry analyzer with CHEM8+ and CG4+ cartridges (Abbott Point of Care, Mississauga, ON, Canada) according to manufacturers' instructions. The CHEM8+ cartridge measures sodium, potassium, chloride, total carbon dioxide, ionized calcium, glucose, blood urea nitrogen, creatinine, lactate, and hematocrit; Hb concentration is automatically calculated from the hematocrit using the formula Hb (g/dL) = hematocrit (% packed cell volume [PCV]) + 0.34. The CG4+ cartridge measures lactate, pH, partial pressure of carbon dioxide (PCO 2 ), and partial pressure of oxygen (PO 2 ). Both cartridges require a sample volume of 95 μL.
In addition, a 0.5-mL sample of blood in (ethylenedinitrilo) tetraacetic acid was sent within 24 hours to a College of American Pathologists-certified research laboratory (the Makerere University-John's Hopkins University Core Laboratory in Kampala, Uganda), where automated complete blood count (CBC) with differential was performed using the Beckman Coulter AcT 5 Diff hematology analyzer (Beckman Coulter, Inc., Fullerton, CA). All batches of test strips and *Address correspondence to Michael Hawkes, Division of Infectious Diseases, Department of Pediatrics, University of Alberta, 11405 87 Avenue, ECHA 3-588, Edmonton, AB, Canada T6G 1C9. E-mail: mthawkes@ualberta.ca cartridges (glucose, lactate, CHEM8+, and CG4+) were routinely tested for accuracy using control solutions and were within manufacturer's specified limits of error. Instruments were compared by examining the correlation as well as Bland-Altman plots for agreement between tests. Parents or guardians of study participants provided written informed consent, and ethical oversight was provided by the Makerere University School of Medicine Research Ethics Committee and the University of Toronto Research Ethics Committee.
In total, 179 children were included. Demographic characteristics, clinical presentation (including physical examination for deep breathing and pallor), treatment, and outcome of the cohort are summarized in Table 1 . Paired glucose measurements (i-STAT and OneTouch Mini) were available for 125 patients, lactate measurements (i-STAT and LactateScout) were available for 142 patients, and Hb measurements (qualitycontrolled laboratory CBC and i-STAT) were available for 108 patients. Reasons for missing values included lack of cartridges or test strips at the time of patient admission, repeated test failure because of elevated ambient temperature, problems with sample loading in the cartridge, coagulation of the whole-blood sample, and processing errors at the central laboratory (in the case of quality-controlled Hb measurement). The prevalence of hypoglycemia (glucose 3 mmol/L Glucose values obtained using the One Touch Ultra glucometer were higher than the i-STAT values by +1.7 mmol/L (95% CI = +1.4 to +2.1, P 0.001) on average. There was evidence of increasing deviation of the measurements at higher glucose concentrations ( Figure 1A and D) (P = 0.029). Test variability was large, with upper and lower limits of agreement of −1.9 and +5.4 mmol/L, respectively ( Figure 1D ). Nine patients (5%) had hypoglycemia by one or both glucose measurements. In seven cases, the result was discordant between test methods, with six cases identified only by the i-STAT device and one case identified only by the OneTouch instrument. The OneTouch device may be a less sensitive method for detecting hypoglycemia, which may lead to underrecognition of clinically significant hypoglycemia, which was previously documented with other point-of-care glucose sensors. 18 Upward adjustment of a treatment threshold (e.g., to~5 mmol/L) based on the instrument bias might be considered and would have captured all cases of hypoglycemia in our series. Previous studies comparing the i-STAT glucose 12 and the One Touch Ultra instruments 3, 6, 8 to reference standards have generally shown a high level of accuracy and tighter precision than suggested by our findings, perhaps related to greater variability under field conditions of either or both instruments.
Correlation and Bland-Altman plots for lactate measurement by i-STAT and Lactate Scout are shown in Figure 1B and E. Values obtained from the Lactate Scout were higher than i-STAT values by +0.86 mmol/L (95% CI = +0.54 to +1.2, P 0.001) ( Figure 1E ). Increasing deviation between measurements was observed at higher lactate levels ( Figure 1B and E) (P = 0.0018). Upper and lower limits of agreement were −2.9 and +4.6 mmol/L, respectively ( Figure 1E ). Higher lactate levels from both i-STAT (P 0.001) and Lactate Scout (P 0.001) were significantly associated with the clinical sign of deep breathing, supporting the convergent validity of the instruments. Lactate values from both instruments, taken at admission, predicted subsequent in-hospital mortality (area under receiver operator characteristic curve is 0.74 [95% CI = 0.59 to 0.89, P = 0.003] and 0.71 [95% CI = 0.57 to 0.85, P = 0.008] for i-STAT and Lactate Scout, respectively), suggesting that lactate measurement by either instrument has prognostic use. The prognostic value of lactate measurement has been established in previous studies, 14, 19 and early goaldirected therapy targeting rapid correction of hyperlactatemia has been shown to reduce mortality in patients with sepsis. 20 Additional studies may be warranted to evaluate the impact of point-of-care lactate testing and goal-directed therapy in children with severe malaria.
The i-STAT Hb measurement provided an unbiased estimate of the quality-assured laboratory CBC value ( Figure 1F ) (mean difference = −0.18 g/L, 95% CI = −3.1 to 3.5, P = 0.92). The upper and lower limits of agreement were +34 and −34 g/L, respectively, indicating substantial variability in the measurement ( Figure 1F ). The sensitivity and specificity for the diagnosis of severe anemia (Hb 50 g/L) were 91% (95% CI = 77% to 97%) and 89% (95% CI = 79% to 92%), respectively. In contrast, clinical assessment of pallor had a sensitivity of 96% (95% CI = 76% to 99%, P = 1.0) but a specificity of only 14% (95% CI =8.3% to 23%, P 0.001) for predicting laboratory-defined severe anemia. Treatment of anemia based on clinical judgment would, therefore, result in a large number of unnecessary transfusions compared with a protocol guided by point-of-care testing. Previous studies in the context of cardiopulmonary bypass surgery have found systematic errors caused by alterations in plasma proteins and electrolytes from the conductivity-based i-STAT measurement compared with reference methods 12, 21 ; however, our patients were managed with cautious administration of fluids and electrolytes, 22 such that no significant bias was observed. Variability reported in previous studies (±20 g/L) seems to be lower than in our study, perhaps related to the tightly regulated artificial conditions used for testing. 13 Our study is limited by the lack of a gold standard comparator for glucose and lactate. Comparison between different point-of-care tests provided an assessment of interassay agreement, but accuracy cannot be formally evaluated. In some cases, sample size was small, which limits the strength of the conclusions (e.g., only nine cases of hypoglycemia were observed in this cohort). Multiple sources of variability, including test strip/cartridge transportation and storage conditions, practitioner technique, and testing environment, may have contributed to error in this study. However, these real life factors may provide more generalizable and realistic estimates of test variability for clinicians in the busy, uncontrolled work environments typical of resource-constrained hospitals in Africa.
In summary, we have provided a quantitative appraisal of the performance and limitations of commercially available tests for glucose, lactate, and Hb under field conditions. This information may assist clinicians in resource-limited settings to interpret the measurements provided by selected commercially available instruments. Clinicians should recognize substantial imprecision in the estimates provided by these tests under field conditions as well as possible systematic bias in the measurement of glucose and lactate. Nonetheless, specific aspects of severe malaria case management might be improved with point-of-care tests, including rational goaldirected therapy guided by lactate values and avoidance of unnecessary transfusions using point-of-care Hb measurement. Implementation of point-of-care devices in resourcelimited hospitals also requires careful consideration of costs of equipment and maintenance, costs of consumables (cartridges and test strips), and continuing training and quality control measures. Although imperfect, point-of-care diagnostics may improve the case management and outcome of severe malaria in resource-limited settings by providing objective and quantitative estimates of life-threatening but correctable hematologic and metabolic abnormalities.
